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1Operational BRDF Effects Correction for
Wide-Field-of-View Optical Scanners (BREFCOR)
Daniel Schläpfer, Member, IEEE, Rudolf Richter, and Tal Feingersh
Abstract—The radiometric correction of airborne imagery aims
at providing unbiased spectral information about the Earth’s
surface. Correction steps include system calibration, geometric
correction, and the compensation for atmospheric effects. Such
preprocessed data are affected by the bidirectional reflectance
distribution function (BRDF), which requires an additional com-
pensation step. We present a novel method for a surface-cover-
dependent BRDF effects correction (BREFCOR). It uses a
continuous index based on bottom-of-atmosphere reflectances to
tune the Ross–Thick Li–Sparse BRDF model. This calibrated
model is then used to correct for observation-angle-dependent
anisotropy. The method shows its benefits specifically for wide-
field-of-view airborne systems where BRDF effects strongly affect
image quality. Evaluation results are shown for sample data from
a multispectral photogrammetric Leica ADS camera system and
for HYSPEX imaging spectroscopy data. The scalability of the
procedure for various kinds of sensor configurations allows for its
operational use as part of standard processing systems.
Index Terms—Data preprocessing, geophysical image process-
ing, hyperspectral imaging, radiometry, software packages.
I. INTRODUCTION
R ECENT airborne optical scanners provide accurate mea-surements of the at-sensor radiance. The radiometric cal-
ibration is feasible to a level of below 3% with respect to
absolute standards [1]. However, the analysis of surface charac-
teristics requires an accurate knowledge of its reflectance prop-
erties. The calibrated scanner data can be inverted to reflectance
quantities using radiative transfer codes such as the moderate
resolution atmospheric transmission model MODTRAN-5 [2].
This atmospheric compensation is done in well-established
software codes such as ATCOR (atmospheric correction soft-
ware) [3] or the Fast Line-of-sight Atmospheric Analysis of
Spectral Hypercubes [4]. The output of the inversion is a surface
reflectance quantity, which is best described as a hemispheric
directional reflectance factor (HDRF) [5], [6]. The conical
nature of the scanner measurement is neglected due to the very
small instantaneous field of view (FOV) of the instrument being
close to the infinitesimal theoretical value of directionality of
the HDRF. The impact of the variable incidence illumination
is accounted for in the topographic correction process using
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empirical relations combined with calculations of the diffuse
and direct irradiance components. Variabilities of the processed
imagery due to terrain influences can be thus reduced [7]–[9].
During this process, the hemispherical irradiance field is well
approximated by currently available atmospheric compensation
methods. The resulting product is close to a true HDRF defined
with respect to a fully diffused irradiance field [5]. Influences of
the variable irradiance distribution as contained in the “HDRF”-
like quantity defined in more recent publications [6] have been
mostly removed.
The correction to true HDRF allows for a clear cut between
the incidence effects and the observation effects and helps
toward a straight forward correction scheme. An alternative
to this split approach would be a one-step atmospheric com-
pensation, where bidirectional reflectance distribution function
(BRDF) models are coupled directly with the radiative transfer
in the atmosphere [10]. In such routines, the number of free
variables increases significantly, which has to be paid either
by a substantially increased processing time or by introducing
fixed parameter assumption for the state of the atmosphere. In
this paper, we therefore focus on the sequential approach, where
incidence radiance and observation direction are separated on
the level of surface HDRF.
The HDRF retrieved after a complete atmospheric com-
pensation is still highly variable due to the influence of the
observation angle, i.e., the second direction of the BRDF [5].
The observed directional reflectance value may deviate by
up to 50% from the spectral albedo (i.e., from the bihemi-
spherical reflectance (BHR) [5], [6]). The magnitude of this
so-called BRDF effect has been confirmed by various mea-
surements, specifically for vegetation and man-made surfaces
[11], [12]. Thus, an operational (i.e., automatic, scalable, and
readily available) correction method of the HDRF to spectral
albedo is of large interest for quantitative remote sensing data
analyses.
A number of methods for BRDF correction have been de-
veloped in the past: a first group of methods for a flat terrain
uses the image statistics in homogeneous terrain. The off-
nadir reflectances are normalized by the corresponding scan-
angle-dependent brightness values compared with the nadir
value [13], [14]. Such algorithms may be also applied to at-
sensor radiance data instead of using the bottom-of-atmosphere
HDRF. If using the at-sensor radiance, the observation-angle-
dependent brightness gradient may be caused by a combination
of surface BRDF and “atmospheric BRDF” (i.e., variations due
to the asymmetric across-track variability in path radiance).
These empirical approaches will correct both effects in one step
as long as the image statistics are stable.
2Another suite of methods is exclusively dedicated to rugged
terrain imagery by topographic correction methods (modified
cosine correction, Minnaert correction, enhanced Minnaert ap-
proach, statistical–empirical correction) [9], [15]–[17]. These
methods correct for BRDF effects due to the variability of
the direct and diffuse illumination and the solar incidence
angles [8]. The reflectance values of areas with low local
solar elevation angles, i.e., large local solar zenith angles, are
often overcorrected by the assumption of isotropically reflect-
ing surfaces. The topographic correction methods adjust these
values. Specifically, for rugged terrain imagery, it is useful to
correct this incidence-angle-dependent BRDF effect, but still,
the process should be combined with the correction of the
observation-angle-dependent BRDF effect.
The complete BRDF effects can be described by physical
or semiempirical models. Such models are employed for the
processing of MODIS data [18]–[20], where the BRDF model
is fitted to the viewing-angle-dependent image statistics. Simi-
lar approaches have been also tested on airborne data by Beisl
[21] using a generic model for the whole image. A stratification
of the imagery using BRDF classes theoretically improves the
accuracy of the BRDF correction. Results of using such models
for airborne data have been presented by Weyermann et al. [22].
Furthermore, Luo et al. [23], [24] and Bréon and Vermote [25]
have shown that an aggregation of all pixels from the same
land cover type within a small normalized difference vegetation
index (NDVI) interval is a valid method to produce the BRDF
model parameters for later correction.
The goal of this work is the development and implementa-
tion of an operationally usable and generic BRDF correction
method. The presented method builds upon the findings in the
aforementioned publications. It should be based on a surface
cover characterization, which is of continuous nature to avoid
classification-related artifacts in the correction. Furthermore,
the correction method should rely on one single BRDF model
formulation, which can be tuned to the properties of a broad va-
riety of surface cover types. These two preconditions allow cal-
culating a continuous per-pixel anisotropy factor and correcting
the HDRF image for the deviations from spectral albedo.
II. BREFCOR METHOD
A generic routine for the correction of BRDF effects has
been implemented, which we name the “BRDF effects cor-
rection” method, “BREFCOR” for short. The idea is to apply
a scaling of the volume scattering and geometric scattering
components within a well-accepted BRDF model. A continuous
surface cover index of the complete image is used for this
purpose, which covers all surface types from forward scatterers
(such as water) to backward scatterers (such as vegetation).
The Ross–Thick Li–Sparse (RTLS) reciprocal BRDF model
has been selected as basis for the correction of reflectance
anisotropy [26]. This model is mainly developed for vegetation,
but we use it in a scaled way for all kinds of surfaces. The good
performance of this model has been shown for MODIS atmo-
spheric correction by Pokrovsky and Roujean [27], whereas for
high-resolution airborne data, no such analysis is known to the
authors. For high-spatial-resolution instruments and for specific
targets such as water, different models may be applicable as
well. However, it was out of the scope of this paper to evaluate
the performance of various BRDF models.
A. Selected BRDF Kernels
The BRDF correction scheme is based on the RTLS model,
potentially enhanced by the hot spot function as proposed by
Maignan et al. [28]. For the correction, a formulation of the
model for the bidirectional reflectance factor (BRF) is used.
The BRF is well suited for correction of the HDRF, as both
quantities are defined as 1.0 for a 100% reflecting target at the
same observation geometry and as only the second dimension
(observation direction) relative variation of the BRF is used for
the correction. The generic RTLS equation of the BRF for each
pixel and spectral band is given as
ρBRF = ρiso + fvolKvol + fgeoKgeo (1)
where ρiso is the isotropic reflectance defined at nadir for both
illumination and observation angle. The kernel factors fvol and
fgeo are weighting coefficients for the respective kernels. They
depend on the ground coverage BRDF, whereas the kernels are
fixed functions, which define a fully bidirectional reflectance
property. The kernels have been selected according to the
findings of BRDF literature [18]. For the volume scattering, the
Ross–Thick kernel is modified to include the hot spot extension
by Maignan, i.e.,
Kvol =
4
3π
1
cos θi + cos θr
[(π
2
− ζ
)
cos ζ + sin ζ
]
− 1
3
(2)
where ζ = arccos(cos θi cos θr + sin θi sin θr cosφ).
The angle θi is the incident solar zenith angle, θr is the
observation zenith angle, and φ is the relative azimuth angle
φ = φi − φr (i.e., the difference between incidence and ob-
servation azimuth). The extension of this volumetric kernel by
Maignan is given as
Kvol =
(
Kvol +
1
3
)(
1 +
1
1 + ζ/1.5◦
)
. (3)
The reciprocal Li–Sparse kernel is used for the geometric
part. It is defined as
Kgeo =
1
π
(t− sin t cos t)
(
1
cos θi
+
1
cos θr
)
−
(
1
cos θi
+
1
cos θr
)
+
1 + cos ζ
2 cos θi cos θr
(4)
where t is as defined in the equation shown at the bottom of
the page.
t = arccos
(√
tan2 θi + tan2 θr − 2 tan θi tan θr cosφ+ (tan θi tan θr cosφ)2
1
cos θi
+ 1cos θr
)
3B. The BRDF Cover Index (BCI)
A continuous BRDF cover index (BCI) function is used for
characterization of the surface. It is calculated on the HDRF
of four standard bands: blue at 460 nm, green at 550 nm,
red at 670 nm, and near infrared at 840 nm. This reduced
selection of spectral bands makes the index applicable for most
current optical remote sensing systems. The BCI function char-
acterizes the image based on intrinsic BRDF properties from
strong forward scatterers (water) to neutral targets (asphalt)
to backward scatterers (soils and vegetation types). The index
implementation is using the NDVI as a first input for vegetation
density quantification due to its known relation to the leaf
area index, which has a significant influence on the BRDF
[23]. Knowing the limitations of the NDVI for vegetation-
type discrimination, we propose an extension of the index to
a wider range of surface cover types, i.e., including very dense
vegetation and nonvegetated areas in one continuous index. The
presented formulation has been found empirically.
The NDVI is increased in (5) by a value of up to 0.5 using
the fact that dense agricultural vegetation shows higher green
reflectance than dense forests; i.e., the NDVI is increased by
Cforest for dense forests having green reflectance in a range
below 7%. In a further step, the BCI is decreased for soils by
Csoils using the effect that soils show relatively low blue at-
sensor radiance. A last adaption Cwater is made for water such
that clear water areas are always set to a minimum value, i.e.,
BCI = (NDVI + Cforest − Csoils − Cwater) > −1.2. (5)
Note that the “>” sign denotes a maximum operator between
the left and right sides of the term.
The three correction functions in (5) are given in the follow-
ing; first, for forests using the absolute HDRF value in the green
ρgreen
Cforest =
0.5
0.04 · 0.2 ·
(
[0.07− ρgreen]0.040.00
)
·
(
[NDVI − 0.55]0.200.00
)
. (6)
The upper and lower values at the square brackets indicate a
truncation at these values. The upper values could be adapted
for better representation of biome types. For surface covers
having a BCI below 0.1 (i.e., mostly soils), a reduction factor is
found from the relation between blue and red HDRFs as
Csoils =
ρblue
ρred
(
[1− 10 · (NDVI + Cforest)]1.000.00
)
. (7)
This factor accounts for the variability of nonvegetated areas in
the visible. Finally, a summand to account for water is added,
starting with BCIsoil = NDVI + Cforest − Csoils. It takes into
account the relatively higher reflectance of water in the green
spectral band in relation to the blue band for discrimination to
other surface targets such as shadows and dark asphalt, i.e.,
Cwater =
((
ρgreen
2ρblue
− 0.8
)
> 0
)
· (−3 ((BCIsoil + 0.5) > 0)) . (8)
Fig. 1. BRDF model calibration scheme using BCI-based image stratification
and the RTLS model.
The range of the final BCI function is defined between values
of −1.20 and 1.50. The BCI calculated in each image pixel can
be then used for BRDF model calibration and, subsequently, for
image correction.
C. Model Calibration
The BRDF model requires kernel weighting factors for both
the geometric and volumetric kernels of the RTLS model. These
factors vary depending on surface cover types and phaenolog-
ical state. Finding the correct kernel weighting factors for a
data set acquired under the same conditions and in the same
geographical region is what we call the BRDF model calibra-
tion. Using the overlap between two images would potentially
lead to a valid model calibration [29]. However, the BREFCOR
method does not make use of this option due to limitations
of such an approach in operational use over heterogeneous
landscapes. Rather, it calculates the kernel weightings at first
for each scene independently.
For the calibration of the model, a number of suited cal-
ibration scenes is first selected, as one single scene usually
does not cover all relevant surface cover types across the
full across-track direction (compare Fig. 1). For the single-
scene calibration, the kernels are reduced to two dimensions
by selecting the values for the given solar zenith and azimuth
4Fig. 2. Model calibration example for three levels of BCI and three selected
spectral bands (based on HYSPEX data); the dashed line is the polynomial
across-track HDRF variation, and the solid line is the respective model fit.
only. A 1-D kernel function depending on the occurring off-
nadir sensor zenith angle range is then found using the flight
heading parameter. The absolute azimuth angle, averaged for
each off-nadir column, is included in the analysis to correct for
the sensor along-track tilt. The BCI of the scene is then stratified
into a number of four to seven levels (compare Section V-A).
The across-track variation of the HDRF for each BCI level is
first fitted to a polynomial of the fifth degree. This function
is then compared with the systematically varied observation
BRF model by systematic variations of the weighting factors
in the RTLS model. The best fit between the observed function
and the RTLS model is found by RMS calculation. Such found
optimum kernel weights are stored for each scene and each BCI
level of the calibration data set. A combined BRDF model is
then created by averaging all weights from the various scenes
on the same BCI level. Bad-fitting levels (with relative RMS
errors greater than 12% in reflectance) and outliers, which are
more than 100% off the mean, are excluded from averaging.
The BRDF correction parameters are set to “isotropic” for BCI
levels without any fitting parameters. Such averaged model is
finally stored for later application to the imagery. Note that
cloud pixels are excluded for the calibration process using
a preclassification map of haze, cloud, and water as created
during the atmospheric compensation.
The critical parameter in this calibration process is the selec-
tion of appropriate BCI levels for the calibration. Our evaluation
on many scenes has shown that increasing the number of
calibration levels often leads to worse fitting results and less
stable BRDF correction, whereas keeping the number of levels
small is more stable. A second outcome was that it is hardly
feasible to define generic calibration limits for all kinds of data
acquisition and sensors. Thus, the calibration level limits should
be adjustable in a flexible way.
An example of this fitting procedure results is given in Fig. 2
for three BCI levels using a moderate FOV instrument (compare
Section V-B). The across-track variation on each of the levels
is interpolated by a polynomial fifth degree, and the fitting is
Fig. 3. Image BRDF anisotropy correction scheme based on the calibrated
BRDF model.
done to this function. Using a function for the fit instead of
single points helps, on one hand, to avoid potential asymmetric
weighting of the function in across-track direction and, second,
to minimize the influence of outliers.
D. Image Correction
Finally, the derived BRDF model calibration data are applied
to the image data. For application on the imagery, the BCI has
to be calculated from each image to get a continuous correction
factor.
The image processing procedure is following these steps
(compare Fig. 3).
• Calculate the BCI from image.
• Calculate the scene-specific angular kernels subsets.
• Interpolate the calibration data from BCI levels to a con-
tinuous BRDF model.
• Calculate an anisotropy map by scaling the kernels using
the BCI, the scan angles (observation zenith and azimuth
angle), and the interpolated BRDF model.
• Apply the anisotropy map on a per-pixel basis.
The anisotropy factor is derived as the relation of the direc-
tional model for each pixel to the same model averaged over
all angles (i.e., to a good approximation of the spectral albedo
BHR), i.e.,
ANIF =
ρiso + fgeoKgeo,θi,θr,φ + fvolKvol,θi,θr,φ
ρiso + fgeoKgeo + fvolKvol
≈ ρBRF
ρBHR
.
(9)
The BHR is described by the two hemispherical averages Kgeo
and Kvol weighted by the respective factors and added to the
constant isotropic reflectance ρiso. Alternatively, the anisotropy
with respect to nadir BRF would be an option as done in earlier
BRDF research [30]. This option is currently not supported in
BREFCOR, as the BHR is the more generic spectral albedo
definition for surface object characterization.
5The corrected BHR is finally calculated as ρBHR =
ρHDRF/ANIF, where ρHDRF is the bottom-of-atmosphere
(directional) reflectance after standard ATCOR-4 atmospheric
compensation, as described above.
III. IMPLEMENTATION
The method has been implemented in the interactive data lan-
guage (IDL) [31] and is embedded in the ATCOR atmospheric
compensation software. It makes use of the predefined layers
available from the atmospheric compensation process, such as
observation scan angles, the cloud mask, and the atmospheric
and geometric meta data as stored in the ATCOR process.
The incidence BRDF correction is done by the semiempirical
approach during the atmospheric compensation process, as
mentioned in the introduction of this paper. The BREFCOR
process is a straightforward implementation starting sequen-
tially after full atmospheric correction to HDRF. The calibration
of the BRDF model can be done on four to seven BCI levels,
using defaults or self-defined index limits for stratification. As
the selected levels are cover types specific, the calibration limits
can be tested on a three-band image subset until an optimum is
found for a region or campaign. This model parameters can be
then stored and applied to large-scale image data.
The total processing time on a 2.2-GHz Intel quad core
i7 processing system is approximately 50 min for a set of
three imaging spectroscopy scenes (dimensions approximately
1500 × 6000 pixels each, 199 spectral bands; a total of 9.5 GB
of data). The model calibration takes 21 min in this case for
seven calibration levels and all spectral bands, whereas the
image processing is between 8 and 10 min per scene for this
example. Thus, the data throughput is 5–6 min per gigabyte
of data. This is comparable with the processing time required
for the atmospheric compensation step (including topography),
i.e., the processing time for the radiometric compensation is
doubled if a BRDF correction is executed.
The implementation has been optimized for large-volume
processing for the ADS-80 system operated by the Swiss
Federal Institute of Topography (swisstopo) in conjunction with
an implementation of the ATCOR-4-based workflow. Interfaces
have been created for both experimental data analysis through
an IDL-based graphical user interface and for text-file-based
batch processing. The implemented operational preprocessing
system includes the ATCOR-4 based atmospheric compensa-
tion process to HDRF and the BREFCOR BRDF correction
process. It fulfills the following requirements: 1) full support
for automatic batch mode operation; 2) batch call for a series
of images in the same area; 3) automatic meta data handling;
4) detailed process logging; 5) consistent error handling; and
6) layout for parallel processing of various series. Opera-
tional use of this ATCOR-4 processing system has started in
May 2014.
IV. TEST DATA
The BREFCOR method has been tested successfully on a
variety of airborne imaging spectroscopy data. I could be shown
that the method works for vegetated and nonvegetated areas
alike, reducing the relative difference for various observation
angles by a factor of 2 [32]. The applicability has been also
shown on multispectral small FOV satellite data [33], where
nine image scenes of different observation angles could be
corrected by the model. In this paper, we focus on the eval-
uation of an airborne photogrammetric camera system (Leica
ADS-80 [34]) and an imaging spectroscopy system (HYSPEX
[35]). Both systems are providing calibrated at-sensor radiance
values, which can be processed by radiative transfer model
inversion in an operational fully automatic process. The FOVs
of these sensors differ significantly, but both instruments use a
total FOV larger than 20◦, which is well suited to fit a BRDF
model. As of our experience, the BRDF variations in smaller
FOVs tend to be hardly discernible from natural systematic
variations, and image noise and results become less stable.
A. ADS Data
The Leica ADS-80 camera (airborne digital camera system)
scans the Earth in nadir view using four spectral bands (477,
558, 634, and 867 nm). The total FOV angle of the system is 46◦
and is covered by 12 000 across-track pixels [34]. With flight
altitudes between 1000 and 3000 m above ground, this results
in a standard resolution of 0.25 m after standard geometric
processing using the Leica GPro software. For remote sensing
applications, the data set is reprocessed on a resolution of 2 m.
Two such systems are operated by the swisstopo for regular
data acquisition and mapping applications. The cameras are
validated on a yearly basis such that the absolute radiometric
calibration is well controlled. Standard data acquisition is done
in east-west direction, mainly due to topographical reasons.
The wide FOV and the chosen flight directions result in strong
BRDF effects. For the development of the BREFCOR method,
a total of five data sets has been investigated from both spring
time and midsummer vegetation state and from agricultural,
mountainous, and mostly forested areas. Hereafter, results are
shown from a 0.25-m resolution data set, which showed the
strongest BRDF effects of the data sets investigated. The data
were acquired in March 2012 at the Swiss/German border
(Dogern) at a solar zenith angle of 49.7◦ and an azimuth angle
of 205.1◦, respectively (compare Fig. 4). It has been atmo-
spherically corrected by the ATCOR-4 model using a standard
25-m-resolution digital terrain model.
B. HYSPEX Data
The second validation data set is based on HYSPEX imagery
[35]. The system is operated by the German Aerospace Center
(DLR). The HYSPEX VNIR-1024 imaging spectroscopy sys-
tem scans the surface with a total FOV of 34◦ in 160 contiguous
bands for the visible and near-infrared spectral range from 410
to 990 nm. The spatial resolution of the georectified product
was at 0.6 m at a flight altitude of approximately 1000 m
above ground. The sample data consist of a total of five data
strips, which were acquired over the Kaufbeuren test site in
Southern Germany on July 8, 2013; the sun was at 41◦ zenith
angle and 113◦ azimuth angle. Some clouds were present in the
data, which inhibited the use of all data strips for our test. The
data were georectified using DLR’s orthorectification software
6Fig. 4. BREFCOR correction. (Top) Uncorrected HDRF (RGB display). (Middle) Anisotropy factor as three-band RGB in a range of ∼0.8 (black) to
∼1.2 (white). (Bottom) Corrected BHR. ADS-80 image mosaic, reproduced by permission of swisstopo [BA13124].
[36], and atmospheric compensation to bottom-of-atmosphere
HDRF was performed by ATCOR-4.
V. RESULTS OF VALIDATION
The results of the two aforementioned representative samples
are shown and validated here.
A. Airborne Digital Photogrammetry Data (ADS-80)
The mosaic of the two east-west flown flights of Leica
ADS data is depicted in Fig. 4. The data are affected by
strong across-track gradients after atmospheric compensation
(top image). The middle image is the continuous surface-
cover-dependent anisotropy factor used for the correction. The
range of calculated ANIF values is between 0.8 and 1.2 for
red, green, and near infrared; whereas for the blue band, a
higher variation of 0.7 to 1.25 has been observed. For water
surfaces (BCI < −1.2), the anisotropy was forced to 1, i.e.,
no correction is done over water as the model calibration is
unstable for this BCI level based on these two scenes. The tests
on these very high resolution ADS-80 data have shown that
the higher spatial resolution (i.e., 0.25 m) combined with the
large FOV (across-track FOV) of this system allows for a more
accurate calibration of the model using six levels, whereas for
the reduced spatial resolution (i.e., 2 m) five levels proved to
lead to better calibration results. The better resolution reduces
the averaging effect of spectra, and thus, the surfaces cover
types can be better discriminated for calibration.
The lower image is the correction result based on the cali-
brated RLTS BRDF model. Most BRDF effects can be removed
by this method as long as the image statistics allow for a
good model calibration. However, shaded areas in forests are
still affected by visible differences due to the variable spatial
shadow structure if seen from varying angles. The number
of full cast shadow pixels varies significantly between the
observation angles at high resolutions—something that cannot
be corrected by a pixel-based BRDF correction.
The radiometric changes in the process are depicted in Fig. 5.
The spectra of two overlapping samples in the image are
shown before and after radiometric correction. The atmospheric
correction changes the shape of the spectra from at-sensor
radiance to bottom-of-atmosphere reflectance. However, the
BRDF-related offset remains. This variability is then removed
by the BREFCOR correction step. The impact of the BRDF
correction is analyzed in more detail using an overlap of two
scenes (compare Fig. 6 for a chessboard overlay of the two im-
ages). A linear fit is done between all overlapping pixels, such
that the linearity, as shown in Table I, would ideally be at 1. The
7Fig. 5. Sample results for two selected targets of ADS four-band imagery
in the overlapping range of two adjacent images, seen from two angles.
(Left) Calibrated at-sensor radiance. (Middle) ATCOR atmospheric compen-
sation (HDRF). (Right) BREFCOR corrected BHR.
Fig. 6. (Top) Uncorrected chessboard in overlay region (RGB). (Middle)
BREFCOR corrected. (Bottom) BCI. ADS image subset reproduced by per-
mission of swisstopo [BA13124].
TABLE I
IMPACT OF BREFCOR CORRECTION ON THE RELATION
BETWEEN IMAGERY IN THE OVERLAP REGION
FOR THE ADS-80 SAMPLE IMAGE
numbers show the quantitative impact of the BRDF correction
on the linear relation between the same pixels acquired from
two different observation angles. A difference of almost 30% in
linearity is apparent in the uncorrected case, which is reduced
to about 6% after BREFCOR correction, whereas the offsets
remain more or less unchanged.
B. Imaging Spectroscopy Data (HYSPEX)
For the HYSPEX data, each of the 160 spectral bands is
individually calibrated using six levels with calibration limits
for dense summer vegetation. The calibration limits have to
be defined differently compared with the ADS data, since
the vegetation status is differing significantly for the summer
acquisition time: more levels for dense vegetation had to be
Fig. 7. BREFCOR correction mosaic of three HYSPEX image lines in
bands NIR (807 nm), green (550 nm), and blue (459 nm). (Top left) Uncor-
rected HDRF. (Top right) Corrected BHR. (Bottom left) Anisotropy factor
(blue–green–NIR display, variation from dark at ∼0.9 to bright at ∼1.05).
(Bottom right) BCI. (HYSPEX images, (c) DLR).
defined for the calibration of the model. In addition, the BRDF
model calibration did not work satisfyingly on all three strips
as thin clouds had been present in one of the strips; this scene
therefore had to be excluded from the model calibration step
for better results. A sample result of this correction is shown
in Fig. 7. The calculated anisotropy was between 0.9 and 1.05
for most of the bands. The variation was slightly higher for the
near-infrared bands and in the blue band. BRDF effects are well
removed for the vegetation areas, whereas the concrete runways
remain mostly untouched.
A more detailed analysis is made in the overlap region of
the two images. This validation is done on selected spectra and
in a statistical way. The comparison of two selected samples
of grass and forest is shown in Fig. 8. Spectra are clearly
closer to each other after correction, whereas the differences
are significantly reduced. A statistical evaluation is done based
on the full overlap area by a pixel-by-pixel comparison. A
low-pass filter of five pixels is applied before the analysis to
avoid coregistration-related noise in the calculated differences.
Furthermore, the influence of the systematic geometric coreg-
istration error has been included in the analysis with RMS
8Fig. 8. Samples of spectra of the same grass and forest region of interest
from two overlapping HYSPEX images before and after BREFCOR correction.
(Left) HDRF values. (Right) BHR values.
accuracy of the relative coregistration at 2.4 pixels (known
from cross-correlation analysis). The impact of this geometric
offset was simulated by taking the average difference when
shifting the filtered image by two pixels. This simulated error
was then subtracted from the total deviations, which results
in a good estimate of the deviation, which can be mainly
attributed to BRDF influences. The results (see Fig. 9) show
the improvements due to the correction. The absolute error in
reflectance could be reduced by a factor of 2 and more, whereas
the relative error improved from about 10% to 4% for most of
the spectral range. It is interesting to note that the correction
did not significantly change the spectrum at the maximum
chlorophyll absorption around 680 nm. A larger variability and
an increased cross sensitivity are immanent at this wavelength
due to the low absolute signal. Thus, the automatic calibration
routine could not find well-fitting BRDF model parameters,
which resulted in a reduced correction.
A last check is done for the grass signature by comparing
the image-based model results with laboratory goniometer mea-
surements [12]. The anisotropy factor is plotted for both the
model results from image and the laboratory BRDF in Fig. 10.
The figure is arranged such that the solar principle plane is
in the vertical direction. The displayed anisotropy has been
calculated in relation to the hemispherical integral of the BRFs.
The image-based model calibration is limited to the maximum
off-nadir observation zenith angle of ±17◦; i.e., all modeled
values beyond these limits are derived by extrapolation using
the model. The plot proves the stability of the model as no
extrapolation artifacts are occurring. The real-world measure-
ments show more significant anisotropy than the model. Hot
spot characteristics and punctual shadowing artifacts cannot be
reconstructed by the model. Nevertheless, the data range and
the generic distribution are well comparable between model
and laboratory measurements. The figure corroborates that the
found model is of conservative nature as the anisotropy used for
image correction is lower than the real-world BRFs.
Fig. 9. Statistical evaluation of the overlap area of two HYSPEX images,
band averages of complete overlapping area. (Top left) Total deviation in
reflectance units. (Top right) Relative deviation from band mean reflectance.
(Bottom images) Same deviations after correction for the impact of geometric
coregistration influence.
VI. CONCLUSION
A novel BRDF correction framework has been implemented
as an additional processing step after standard atmospheric
compensation. The presented BREFCOR model allows correct-
ing optical remote sensing data having at least four spectral
bands in the visible and near infrared for the major influ-
ences of BRDF effects and brings the processed data closer
to the spectral albedo representation. The first version of the
method is implemented and available for use within the ATCOR
preprocessing software. Tests have been performed on both
multispectral and hyperspectral airborne remote sensing data
from both vegetated areas and nonvegetated surfaces. In most
cases tested so far, the method leads to improved stability of
surface reflectance data with respect to the observation angle.
Reduced accuracies of the resulting images have been only
found if calibration of the BRDF models was performed on
inappropriate reference imagery or if the solar zenith angle was
very large (i.e., above 60◦). The method has clear limitations
on water, snow surfaces, and in urban environments—further
research would be required to investigate possible solutions for
these targets.
Based on the presented method, a fully automatic (i.e.,
operational) system has been implemented as part of the ADS-
80 processing chain at the swisstopo. It is used for automatic
processing of remote sensing products from airborne digi-
tal photogrammetric data. The BREFCOR method could be
implemented together with the ATCOR-4 process for large-
scale data processing. The first results have shown a high
degree of scalability in this operational environment, whereas
more experience for this large-scale situation is still to be
gained.
An extension of the method would be to correct the BRDF
effect in a two-step iterative method as proposed in [37];
9Fig. 10. Anisotropy factor at an incidence zenith angle of 41◦ in the HYSPEX situation. (Left) Simulation using calibration from three HYSPEX scenes for the
grass-like spectra. (Right) Laboratory measurements of a grass sample [12].
specifically, the calculation of the BCI could benefit from
such an iteration as it relies on absolute reflectance values.
This option has not yet been followed due to the currently
encountered limitations in terms of processing time: an itera-
tion would potentially double the time demand for the given
method.
Another potential improvement to be envisaged is the
inclusion of the digital elevation model slope and aspect
information. Depending on surface type, the observation angles
would need to be adapted by the local surface tilt in order to
get the correction factors in rugged terrain. Furthermore, the
use of spectral autocorrelation rules would help to improve
BRDF correction in strong absorption features such as in the
chlorophyll absorption band. The reliability of the correction is
reduced in these bands due to the lower signal and higher cross
sensitivity, and thus, BRDF information from neighbor spectral
positions could be propagated to fill these gaps.
The method as described in here can be also applied to
multiangle satellite imagery, given that a series of images
is acquired during a similar time of the year in a way, as
shown by Lyapustin et al. [38]. A respective adaptation of the
BREFCOR method has been included in the satellite version
of ATCOR, and first tests on multiangle satellite data show
promising results. Further validation of this second type of
BRDF correction is still ongoing. Nevertheless, the BREFCOR
correction framework is implemented now and is available to
end users for their own testing. Further experience will be
gained, and improvements as outlined in the conclusions will
now be gradually added in order to further advance BREFCOR
for both scientific and operational use.
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